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cAMP-dependent protein kinase (PKA) is an essential regulator of gene expression and cell differentiation during
multicellular development of Dictyostelium discoideum. Here we show that PKA activity also regulates gene expression
during the growth phase and at the transition from growth to development. Overexpression of PKA leads to overexpression
of the discoidinIg promoter, while expression of the discoidinIg promoter is reduced when PKA activity is reduced, either
by expression of a dominant negative mutant of the regulatory subunit or by disruption of the gene for the catalytic subunit
(PKA-C). The discoidin phenotype of PKA-C null cells is cell autonomous. In particular, normal secretion of discoidin-
inducing factors was demonstrated. In addition, PKA-C null cells are able to respond to media conditioned by PSF and CMF.
We conclude that PKA is a major activator of discoidin expression. However, it is not required for production or
transduction of the inducing extracellular signals. Therefore, PKA-dependent and PKA-independent pathways regulate the
expression of the discoidin genes. © 2000 Academic Press
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Multicellular development in Dictyostelium discoideum
is initiated by nutrient deprivation and ultimately leads to
the formation of fruiting bodies consisting of a stalk and
spores. cAMP-dependent protein kinase (PKA) plays a cen-
tral role in this process. Genes for the catalytic (PKA-C) and
the regulatory subunit (PKA-R) of PKA have been cloned
and shown to be developmentally regulated (Bu¨rki et al.,
1991; Mann and Firtel, 1991; Mutzel et al., 1987). Expres-
sion of both subunits is low during growth. Expression of
PKA-C increases 3 to 6 h after the onset of development
while the PKA-R increases a few hours later. Consistent
with these expression patterns, it has been shown by
several groups that terminal differentiation to stalk and
spore cells is dependent on PKA activity and elevated cAMP
levels (Kay et al., 1989; Simon et al., 1992; Harwood et al.,
1992b; Hopper et al., 1993). Inhibition of PKA activity in
prestalk and prespore cells blocks terminal differentiation
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leads to premature spore differentiation. This premature dif-
ferentiation is due to precocious and enhanced secretion of
sporulation-inducing factors (Anjard et al., 1998).
Furthermore, it was suggested that intracellular cAMP
levels regulating PKA activity are adjusted by degradation: a
two-component signal transducer system inactivates the
RegA phosphodiesterase via a histidine kinase and the
phosphorelay protein RdeA. This allows cAMP levels to
increase and to activate PKA (Chang et al., 1998; Shaulsky
et al., 1998; Thomason et al., 1998).
Support for a role of PKA at the transition from growth to
evelopment and in early development is less abundant.
locking PKA activity by disruption of the catalytic subunit
Mann and Firtel, 1991) or by overexpression of PKA-R in
arly developmental stages (Simon et al., 1989; Harwood et
l., 1992a) blocks aggregation, which is the first morpho-
ogical sign of development. There are indications that the
lock in aggregation does not prevent the entry into devel-
pment per se, but occurs at a somewhat later stage (Simon
t al., 1989). The failure to aggregate is due to an inability to
nduce adenylate cyclase and other components of the
101
bs
m
t
a
1
s
a
b
G
P
r
w
a
102 Primpke et al.cAMP relay system. Treatment with exogenously added
cAMP partially rescues the phenotype. In addition it was
shown that mutant cells mixed with wild-type cells coag-
gregate, but later are lost from the slugs and fruiting bodies
(Mann et al., 1992). This implies that PKA activity may be
dispensible for regulated gene expression during early de-
velopment, if extracellular signal molecules are supplied.
Signalling molecules which are active at the transition
from growth to development are the glycosylated proteins
PSF (prestarvation factor, Clarke et al., 1988) and CMF
(conditioned medium factor, Gomer et al., 1991). During
growth, cells continuously secrete PSF, which accumulates
in the medium. The response of the cells depends on the
amount of bacteria present. This mechanism allows the
population to estimate the cell density relative to bacteria
and respond before the food source is actually exhausted
(Clarke et al., 1988). The discoidins are among the first
genes to be induced under these conditions and are used as
a molecular marker for the initiation of development (Rathi
et al., 1991). When the cells actually starve they secrete a
second protein, CMF (Clarke et al., 1992). CMF null cells
are unable to develop, since CMF is essential to establish
the cAMP relay system, which orchestrates aggregation of
amoebae (Yuen et al., 1995; van Haastert, 1996). Condi-
tioned medium from starving cells also induces the discoi-
din genes and it has been proposed that CMF is the active
component (Gomer et al., 1991).
We investigated the role of PKA during early development.
We show that altering PKA activity modulates discoidin
expression levels over two orders of magnitude, not only
during early development but also during the growth phase.
Increasing PKA activity enhances expression of the discoi-
dinIg promoter, while blocking PKA activity reduces expres-
sion. We then tested two hypotheses to explain these results:
(1) whether PKA is a component of the signal transduction
chain from the inducing extracellular signals leading to acti-
vation of the discoidin genes and (2) whether PKA activity is
necessary for the secretion of signaling molecules. Both hy-
potheses are wrong, since (1) PKA null cells are able to respond
to conditioned media and (2) media conditioned by PKA null
cells have normal inducing capacity. We therefore suggest that
two distinct processes regulate discoidin expression: one path-
way utilizes PKA and regulates overall expression levels,
while the other pathway(s), which is independent of PKA,
transduces the extracellular signals PSF and CMF and medi-
ates changes in expression.
MATERIALS AND METHODS
Strains and Cell Culture
AX2 cells and transformed derivatives of AX2 were used in most
experiments. AX2DisLuc expresses luciferase under the control of
the discoidinIg promoter (Wetterauer et al., 1993). For strain
maintenance cells were grown in HL5 (Watts and Ashworth, 1970)
with the appropriate antibiotics (100 mg/ml G418, 200 mg/ml
hygromycin, or 5 mg/ml Blasticidin).
Copyright © 2000 by Academic Press. All rightFunctional analysis was focused on cells cultured on bacteria,
since only under these conditions are the discoidin genes turned off
efficiently during growth, allowing developmental induction to be
observed starting from a low level. Unless stated otherwise cells
were grown on a suspension of Enterobacter aerogenes (in 50 mM
potassium phosphate buffer, pH 6.2 (KK2), OD600 of 8). Cells were
grown for approximately six to eight generations in suspension
with E. aerogenes to ensure downregulation of the discoidin
promoter and loss of discoidin protein accumulated during previ-
ous growth in axenic medium.
For morphological development, cells were pregrown on bacteria
to a density of about 4 3 106 cells/ml. They were washed free of
acteria and plated at 1 3 106 cells/cm2 on agar buffered with 20
mM potassium phosphate, pH 6.2, 1 mM MgCl2, 0.1 mM CaCl2,
and incubated for 21 h.
Vector Hygromycin–Discoidin–Ala–b-Gal (H-DAG)
A vector carrying the discoidin-b-Gal reporter cassette was con-
tructed, which carries the hygromycin selection cassette. Transfor-
ation with this contruct allows selection of two vectors in double
ransformants. Bluescript (SK2) carrying an 880-bp EcoRI fragment of
the Dictyostelium repetitive element DRE (Marschalek et al., 1992)
nd the hygromycin selection cassette from pDE102 (Egelhoff et al.,
989) as Sma–XbaI fragment was created by cloning into the corre-
ponding sites of the MCS. The Disc-Ala-Gal cassette (Wetterauer et
l., 1996) was cloned as a HindIII fragment into the HindIII site of the
luescript derivative. This variant of b-Gal has a protein half-life of 4 h
(Detterbeck et al., 1994).
Neomycin–Hygromycin Double Transformants
Overexpression of the mutated regulatory subunit of PKA (RM)
is regulated by the actin 15 promoter (Harwood et al., 1992a);
overexpression of PKA-C is regulated by its own promoter (Anjard
et al., 1992). Both vectors carry a neomycin selection cassette;
therefore, the vector pDNeoII (Witke et al., 1987) was used in
control transformants. Double transformants of AX2 with either
vector for modification of PKA activity plus the discoidin reporter
(H-DAG) were obtained by the calcium phosphate coprecipitation
method (Nellen et al., 1987). Selection was initiated with 20 mg/ml
418 and 20 mg/ml hygromycin and later increased successively to
100 mg/ml G418 and 200 mg/ml hygromycin.
Disruptions of the PKA-C Gene
A vector was constructed for gene replacement of the entire
N-terminal domain and part of the catalytic domain including the
ATP-binding site of PKA. Starting material were the vectors pSP72
(Promega) as backbone, pUCBsRDBam for the Blasticidin cassette
(Sutoh, 1993) and A-Neo (Anjard et al., 1992) for fragments of
KA-C.
pUCBsRDBam was cut with XbaI, filled in with Klenow, and
eligated to eliminate the XbaI site in the MCS. The BsR cassette
as then prepared by cutting with HindIII, blunting with Klenow,
nd cutting with KpnI. The HindIII and NdeI sites of pSP72 were
eliminated sequentially by cutting, filling with Klenow, and reli-
gation. A 1.8-kb EcoRI–KpnI fragment of A-Neo carrying the
promoter and 59 part of the PKA-C coding region was ligated into
the modified pSP72. The BsR cassette was integrated between KpnI
and the blunted NdeI site 110 bp after the ATG. This replaces 1370
bp of the coding region and regenerates a HindIII site at the
s of reproduction in any form reserved.
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103PKA in Early Development of DictyosteliumNdeI/HindIII fusion. The 39 fragment of PKA-C was added as a
2.9-kb KpnI–XbaI fragment. The HindIII site in the 39 noncoding
region was eliminated by partial digestion with HindIII, blunting,
and religation, resulting in a NheI site. For disruption of the
endogenous gene the plasmid was cut with EcoRI and NheI.
Thirty micrograms of linearized DNA was transformed into AX2
cells at 1 kV, 3 mF in 4-mm-gap-width cuvettes using the Bio-Rad
electroporation unit. Transformants were selected with 5 mg/ml
lastidicin (ICN) for 1 week. Cells were cloned on SM/2 plates and
lones which failed to aggregated were selected. Genomic Southern
lots were performed according to standard procedures (Sambrook
t al., 1989). Gene replacement occurred by double crossover and
esulted in the absence of protein, when tested with an polyclonal
ntibody against the N-terminal domain of PKA-C. One clone
HBW1) was selected for further analysis. A transformant which
isplayed wild-type phenotype (HBW2) was used as control.
b-Galactosidase Assays
Histochemical stains of colonies were performed according to
Dingermann et al. (1989). Alternatively b-Gal activity was quanti-
fied using a chemiluminescent substrate. Approximately 5 3 106 to
1 3 107 cells from different growth or developmental conditions
were harvested and frozen as pellets until processed. Cells were
lysed by rapid thawing in 600 ml of 100 mM sodium phosphate, pH
.0, with 1 mM DTT. Cellular debris was removed by centrifuga-
ion at 4°C for 10 min at 12,000 rpm. Ten microliters of the
upernatant was mixed with 60 ml of substrate containing Galacton
FIG. 1. Modulating PKA activity influences the induction of th
Double transformants of AX2 were generated which express b-galac
lasmid (2), a plasmid for overexpression of PKA-C, or (3) a plasmid
ith 200 mg G418 and 200 mg hygromycin for a few days, inoculate
n phosphate agar with 50 mg/ml G418, grown for 3 days, and th
rematurely in cells overexpressing PKA-C. b-Gal expression is se
repression even in the presence of selection with G418.Tropix, Bedford, MA) and 1 mM MgCl2 in 100 mM sodium
Copyright © 2000 by Academic Press. All righthosphate, pH 8.0. After a 30-min incubation, light emission was
tarted by injection of 100 ml Emerald accelerator (Tropix, Bedford,
MA) and quantified in a luminometer (Berthold, Munich, Ger-
many). In samples with low activity, endogenous b-Gal activity
as estimated in a parallel assay after a 15-min preincubation with
0 mM EDTA and reaction with substrate in the absence of MgCl2.
This treatment inhibits transgenic b-Gal activity, allowing endog-
nous activity to be determined and subtracted (H. K. MacWil-
iams, personal communication). Enzyme activity was normalized
o protein using the Bradford assay with BSA as a standard.
CMF and PSF Tests
Two kinds of conditioned media were prepared: buffer condi-
tioned by growing cells, which contains PSF, and buffer condi-
tioned by starving cells, which contains CMF. Since both are crude
preparations, we cannot exclude that other molecules contribute to
the observed effects. To prepare PSF medium, AX2 cells were
grown in a suspension of E. aerogenes, to a cell density of 5 3 106
cells/ml. The solution was first cleared from cells by centrifugation
at 1500g for 3 min, and then bacteria were pelleted at 5000g for 15
min (Rathi et al., 1991). To prepare CMF medium, cells were
resuspended at 5 3 106 cells/ml in 50 mM KK2 and shaken on a
rotary shaker for 18 h. The medium was cleared from cells by
centrifugation (Gomer et al., 1991). Both conditioned media were
filtered through a 4.5-mm filter and stored frozen until used.
To test the inducing activity, cells expressing luciferase under
the control of the discoidin promoter were cultured in bacteria to a
coidinIg promoter and the onset of morphological development.
ase under the control of the discoidinIg promoter and (1) a control
verexpression of PKA-RM. Cells were cultured in axenic medium
a nitrocellulose filter with a thick lawn of E. aerogenes, and placed
xed and stained for b-galactosidase activity. b-Gal activity starts
ly reduced in AX2-PKA-RM; however, individual cells escape thee dis
tosid
for o
d on
en fi
veredensity of 1–3 3 106 cells/ml in the presence of 50 mg/ml G418.
s of reproduction in any form reserved.
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104 Primpke et al.Cells were harvested and washed free of bacteria with KK2 and
concentrated to 1 3 107 cells/ml. Typically cells were spread in 10
l buffer or conditioned media at the indicated cell densities on
-cm petri dishes. After starvation for 6–7 h supernatants were
emoved and the cells were lysed directly in 500 ml luciferase lysis
uffer. Incubations were done in duplicates, averages of these are
iven. All experiments were repeated at least twice with indepen-
ently prepared media. Since there is considerable variation in the
ctivity of the media, comparisons of strains were done within one
atch. It was tested before that PSF medium induces discoidin
xpression during growth as well as during development with
omparable efficiency (data not shown).
Luciferase Assays
Luciferase activity was measured according to the manufactur-
er’s instructions using the assay system from Berthold Detection
Systems (Pforzheim) which includes CoA for continuous enzy-
matic turnover. Cells were harvested as indicated and either frozen
as pellets or lysed directly in lysis buffer from the kit. Activity was
integrated over 15 s in a luminometer (Berthold). Protein determi-
nations were performed according to Popov et al. (1975).
Other Methods
Western blots to detect discoidinI isoforms were performed as
described (Wetterauer et al., 1993). The monoclonal antibody
0-52-13, alkaline phosphatase coupled secondary antibody, and
BT and BCIP were used. The catalytic subunit of PKA was
etected with a polyclonal serum against the N-terminal domain of
KA-C (Damann et al., 1998), HPO coupled secondary GAM
Promega) and the ECL system (Amersham).
RESULTS
Modulating PKA Activity Alters the Levels of
Discoidin Expression, but Not Regulation Patterns
Inactivation of PKA can be achieved by overexpression of
a mutated regulatory subunit, which cannot bind cAMP
(PKA-RM) and therefore binds the catalytic subunit inde-
pendent of intracellular cAMP levels. Expression of
PKA-RM during growth and early development, blocks
morphological development (Harwood et al., 1992a), and
trongly reduces discoidin protein (Endl et al., 1996; Bur-
dine and Clarke, 1995).
To test whether activation of PKA has the opposite effect,
we compared discoidin expression in three double transfor-
mants of AX2, all carrying a discoidin-Gal reporter plus
either vectors for overexpression of PKA-C, PKA-RM, or a
control plasmid. The double transformants were inoculated
on a nitrocellulose filter with a pregrown lawn of E.
aerogenes and placed on phosphate agar under G418 selec-
tion. After 3 days colonies were stained for b-Gal activity
(Dingermann et al., 1989). Figure 1 shows that expression of
PKA-RM was sufficient to block aggregation; however,
induction of the discoidin promoter could be detected in a
small number of cells. Overexpression of PKA-C caused
precocious induction and an increase of promoter activity.
Copyright © 2000 by Academic Press. All rightn addition, aggregates were formed close to the growth
one. This staining pattern indicated that overexpression
ot only accelerated discoidin expression but also the onset
f morphological development.
To further substantiate this finding, we quantified discoi-
in promoter activity under three different conditions:
uring growth on bacteria, during growth in axenic me-
ium, and during development on agar. The result is shown
n Fig. 2. The control transformant showed the expected
ild-type patterns: During growth on bacteria (Fig. 2a)
xpression of b-Gal was initially low. With increasing cell
density there was a steady increase in expression which is
probably due to secretion of PSF (Clarke et al., 1988) and
CMF (Gomer et al., 1991) (Fig. 2A). During growth in axenic
medium (Fig. 2B) overall expression levels were higher than
during growth on bacteria. Expression levels were initially
high and decreased with increasing cell density. This de-
crease is mediated by extracellular factors whose nature is
unclear (Wetterauer et al., 1995) (Fig. 2B). During develop-
ment (Fig. 2C) expression increased starting at 6 h with a
peak at 12 h of starvation. Thereafter transcription is
arrested by extracellular cAMP (Williams et al., 1980). This
pronounced decrease in transcription is only partially re-
flected by b-Gal activity, due to 4 h half-life of the reporter
(Detterbeck et al., 1994) (Fig. 2C).
Activity of the discoidinIg promoter was readily detect-
ble in cells expressing PKA-RM, although it was approxi-
ately 10-fold lower than in the control transformant
nder all conditions tested (Fig. 2). In addition, there was a
0-fold induction of b-Gal activity in stationary phase after
rowth on bacteria as well as during development (Figs. 2A
nd 2C).
In cells overexpressing PKA-C discoidin expression levels
ere significantly increased under all conditions tested
Figs. 2A–2C). This increase was already evident during
rowth and increased about 50- to 100-fold in stationary
hase (Fig. 2A) as well as during development (Fig. 2C). This
ncrease was quantitatively similar to the increase in con-
rol cells, but during development it occurred consistently
h earlier than in control cells (Fig. 2C). Visible signs of
ggregation were also accelerated (see also Fig. 1). Repres-
ion of the discoidinIg promoter was normal in cells over-
expressing PKA-C, both during growth in axenic medium
(Fig. 2B) during in later stages of development (Fig. 2C).
These data show that PKA activity is an important factor
determining the levels of discoidin expression. On average
there was a 100-fold difference between cells with activated
versus inactivated PKA. In spite of these strong quantitative
differences, the response of the discoidinIg promoter to cell
density and during development was unchanged.
Disruption of the Catalytic Subunit of PKA
Reduces but Does Not Prevent Discoidin Induction
In the experiments described above, PKA activity was
inhibited by binding of a dominant negative regulatory
s of reproduction in any form reserved.
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105PKA in Early Development of Dictyosteliumsubunit. The extent of inhibition depends on binding con-
stants and on the concentrations of PKA-R and PKA-C in
the cell. Thus it is possible that the weak induction seen in
the AX2-RM cells is due to incomplete inhibition of
PKA-C. To exclude this possibility we generated a new
PKA-C null strain, by replacing the entire N-terminal
domain and part of the catalytic domain of PKA-C with a
Blasticidin selection cassette. The catalytic subunit of D.
discoideum is unusual compared to most other organisms,
since there is a large domain with homopolymeric stretches
of glutamine N-terminal to the catalytic core; it is unclear
whether this N-terminal domain has a biochemical func-
tion (Anjard et al., 1992, 1993; Damann et al., 1998). Gene
eplacement occurred by double crossover and resulted in
bsence of the protein (Fig. 3). The strain carrying the
utation PKA-CDN was called HBW1. A second strain in
hich the vector was inserted at a nonhomologous site and
hich showed normal morphology, was called HBW2, and
as used as a control in the following experiments.
Discoidin expression during growth on bacteria was
onitored by Western blotting. As expected, control cells
nduced the discoidin promoter at the end of the growth
hase. PKA-CDN cells also induced discoidin protein, al-
hough at strongly reduced levels (Fig. 4A). The same result
as obtained when discoidin expression was tested during
rowth in axenic medium (data not shown). To quantify
romoter activity, PKA-CDN and control cells were trans-
ormed with a discoidinIg-luciferase reporter construct. The
FIG. 2. Modulating PKA activity alters expression levels of
ransformants were harvested during growth either in a suspension o
was determined. b-Gal activity in AX2-PKA-C () is higher than
educed in AX2-PKA-RM (E). (C) Development on phosphate agar w
egetative cells than in control cells and the developmental increas
ells; an increase during development is clearly detectable, but re
ndicates repression of the discoidin promoter during late stages of d
ccur in AX2-PKA-RM, presumably because the cells do not procectivity of the discoidin promoter was 10- to 100-fold lower
Copyright © 2000 by Academic Press. All rightn PKA-CDN cells compared to control cells. Nevertheless
nduction of the luciferase reporter could be observed at the
nd of the growth phase, consistent with the low levels of
iscoidin protein seen on the Western blot (Fig. 4B).
These results with the PKA-CDN knock out strain con-
rm the results obtained with PKA-RM cells (see Fig. 2 and
urdine and Clarke (1995)) and demonstrates that the
atalytic activity of PKA is not necessary for induction of
he discoidin promoter in response to cell density.
The PKA-CDN Cells Produce Discoidin-Regulating
Extracellular Factors
Discoidin expression is thought to be regulated by PSF
during growth and by CMF during development. We tested
whether the reduced discoidin expression in PKA-CDN
ells is due to reduced production of these factors in cell
ixing experiments and medium exchange experiments.
s reporter strains we used cells expressing luciferase under
he control of the discoidinIg promoter.
5% wild-type reporter cells were mixed either with AX2
or PKA-CDN cells at low cell density, grown overnight, and
harvested at various cell densities, starting from 1 3 106
cells/ml to stationary phase. Reporter expression in both
cultures was undistinguishable; therefore, PKA-CDN cells
had the same inducing capacity as wild-type cells (Fig. 5). In
addition 5% PKA-CDN reporter cells were mixed with AX2
or PKA-CDN cells. As seen before, reporter activity was 10-
discoidinIg promoter during growth and development. Double
terobacter aerogenes (A) or in axenic medium (B) and b-Gal activity
e control strain (F) under both conditions while b-Gal activity is
nitiated after growth on bacteria. In AX2-PKA-C b-Gal is higher in
rts about 3 h earlier. AX2-PKA-RM has lower activity in vegetative
d compared to the control strain. A decrease in reporter activity
pment in AX2-PKA-C and AX2-pDNeoII. This repression does not
the stage when repression occurs in wild-type cells.the
f En
in th
as i
e sta
duce
evelo
ed toto 100-fold lower than in wild-type cells; however, no
s of reproduction in any form reserved.
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106 Primpke et al.difference was observed between the two cultures. There-
fore, the reduced expression in PKA-CDN cells could not be
rescued by a majority of wild-type cells (Fig. 5). We also
performed experiments mixing cells during development in
shaking culture, with similar results. We conclude that the
phenotype of PKA-CDN cells is not caused by changes in
extracellular signaling molecules.
To confirm these results we prepared conditioned me-
dium from AX2 and PKA-CDN from growing cells (which
contains PSF) and from starving cells (which contains CMF)
and compared the inducing activity of the media. Activity
was tested by starving wild-type reporter cells at low cell
FIG. 3. PKA-C was disrupted in the N-terminal domain by inserti
and after integration of the Blasticidin selection cassette in the N-t
AX2-PKA-CDN (lane 2) was digested with BglII, transferred to n
C-terminal catalytic domain of PKA-C. (C) PKA-C protein is absen
N-terminus of PKA (lane 1) vegetative AX2, (lane 2) AX2 cells after
The asterisk marks the position of PKA-C.density (2 3 104/cm2) either in buffer alone or in condi-
Copyright © 2000 by Academic Press. All rightioned media. Cells were allowed to develop for 7 h and
uciferase activity was determined. Conditioned media
rom Ax2 and from PKA-CDN induced discoidin expression
n wild-type cells with comparable efficiency (Fig. 6). This
hows that PKA is not necessary for the production of the
xtracellular molecules which induce discoidin expression.
herefore, the defect in PKA-CDN cells must be due to
isturbed signaling within the cell.
PKA-CDN Cells Respond to Conditioned Media
The reduced expression in PKA-CDN cells could be
a Blasticidin selection cassette. (A) Map of the PKA-C locus before
nal domain of PKA. (B) Genomic DNA of strains AX2 (lane 1) and
ellulose, and hybridized with the Kpn–NdeI fragment from the
udged from a Western blot using a polyclonal antibody against the
of development, and (lane 3) PKA-CDN after 16 h of development.on of
ermi
itroc
t as j
16 hexplained, if they were unresponsive to inducing signals. To
s of reproduction in any form reserved.
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107PKA in Early Development of Dictyosteliumtest this hypothesis, AX2 and PKA-CDN cells were starved
at low cell density (5 3 103 to 8 3 104 cells/cm2) in media
onditioned by AX2 cells. Luciferase activity was moni-
ored after 7 h of development (Fig. 7). In wild-type cells
ddition of conditioned media increased reporter activity
bove the activity obtained with buffer alone. As in the
xperiments described above, total activity in PKA-CDN
ells was approximately 100-fold lower than in control
ells. However, PKA-CDN cells were able to respond to
oth conditioned media, indicating that regulation of the
iscoidin promoter by extracellular factors can occur in the
bsence of PKA. Induction ratios in PKA-CDN were lower
han in control cells, but it is difficult to conceive that this
ifference is responsible for the 10- to 100-fold difference in
FIG. 4. PKA-CDN is able to induce discoidin protein and
discodinIg-promoter-regulated reporter expression. (A) Western
lot of control transformants and PKA-CDN cells at different
rowth phases were stained with a monoclonal antibody against
iscoidinI and AP coupled secondary antibody (lane 1) 2 3 106
cells/ml, (lane 2) 4 3 106 cells/ml, (lane 3) 8 3 106 cells/ml, (lane 4)
1 3 107 cells/ml, (lane 5) stationary phase cells, and (lane 6) AX2
ells from stationary phase. (B) Luciferase activity under the
ontrol of the discoidinIg promoter (closed circles, control trans-
ormant; open circles, PKA-CDN). For both experiments cells were
rown on Enterobacter aerogenes.verall expression levels.
Copyright © 2000 by Academic Press. All rightDISCUSSION
The nutritional state of D. discoideum is an essential
parameter for the initiation of development and the induc-
tion of the discoidin genes. In addition, several extracellular
factors are known to play an important role, including the
secreted proteins PSF and CMF (which induce expression)
and low-molecular-weight compounds such as folic acid
and cAMP (which repress expression). Since the discoidinIg
gene has promoter elements which respond to these differ-
ent stimuli, it appears that these multiple signaling path-
ways converge on the promoter (Vauti et al., 1990; Blusch et
al., 1992; Wetterauer et al., 1996). Our goal has been to
clarify the role of PKA in these pathways.
The initial assumption was that PKA activity is neces-
sary for the developmental induction of discoidin genes and
that impairing PKA activity abolishes induction (Endl et al.,
1996; Schulkes and Schaap, 1995; Wu et al., 1995). This
assumption has turned out to be wrong, since discoidin
induction is possible in the absence of PKA, although at
reduced levels. However, modulating PKA activity has a
strong effect on discoidin expression levels. Activating PKA
increased discoidin expression, while inhibiting PKA de-
creased discoidin expression. Thus PKA is a positive regu-
FIG. 5. Reduced discoidinIg expression in PKA-CDN is cell au-
tonomous. Cell autonomy was tested by mixing 5% AX2 DiscLuc
cells in either 95% AX2 (open square) or PKA-CDN (filled square).
Cultures were inoculated at ca. 1–2 3 105 cells/ml in a suspension
of Enterobacter aerogenes and grown overnight. Cells were then
harvested every 4 h starting from a density of 1 3 106 cells/ml. Also
5% PKA-CDN DiscLuc was mixed with 95% AX2 (open circle) or
PKA-CDN (filled circle). The graph shows a typical result of several
independent experiments. Neither AX2 nor PKA-CDN are influ-
enced by the majority of the other strain in the culture, indicating
that extracellular regulating factors are identical in the two cul-
tures. Luciferase expression in PKA-CDN could not be rescued by
medium from AX2.
s of reproduction in any form reserved.
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108 Primpke et al.lator of discoidin expression. The finding that modulating
PKA activity could influence discoidin expression in both
directions shows that PKA does not constitute a permissive
control point but apparently is a rate-limiting regulator.
There Are Two Independent Pathways Which
Regulate Discoidin Expression
We propose that at least two independent processes
regulate discoidin expression (Fig. 8). (1) One pathway
determines the overall levels and uses PKA. (2) At least one
other pathway is responsible for modulation of discoidin
expression in response to extracellular signals. Our data
indicate that these processes can function independently:
first, induction can occur, when the PKA pathway is inac-
tivated. Second, overexpression of PKA increases expres-
sion in vegetative cells, but although the starting level of
discoidin expression is higher at starvation, the induction is
similar to wild-type cells. Final levels are considerably
higher as a result. This shows that neither of these regula-
tory pathways acts as a switch, inputs of both pathways act
additively and synergistically.
Although PKA is not necessary for the PSF/CMF path-
ways to operate, there may be an interaction between the
two pathways. First, induction of the discoidin genes in
PKA minus cells is reduced compared to wild type, and
second, the developmental induction in PKA overexpress-
ing cells occurs considerably earlier than in wild-type cells.
From our data we cannot distinguish whether the PKA
pathway influences the PSF/CMF pathway or vice versa.
However, recent work (Souza et al., 1998, 1999) suggests
that PSF regulates PKA protein levels. This pathway uses
FIG. 6. PSF medium and CMF medium conditioned by PKA-CD
medium (B) were prepared from wild-type cells as well as from P
reporter cells were harvested at low density and spread in petri dish
uffer or in conditioned medium, and incubated for 7 h. Induction
raph shows a typical experiment. Assays were performed in triplithe Dictyostelium YakA kinase: YakA transcription is d
Copyright © 2000 by Academic Press. All rightnduced by PSF during starvation; therefore, Yak1 acts
ownstream of PSF and its regulation is similar to the
iscoidin genes. Yak1 regulates PKA at the transcriptional
FIG. 7. PKA-CDN responds to PSF medium and CMF medium.
PSF medium and CMF medium were prepared from wild-type cells
as described under Materials and Methods. A control transformant
and PKA-CDN transformed with discoidin-luciferase were har-
vested at low density from a culture in Enterobacter aerogenes and
spread in petri dishes at low cell density (5 3 103 to 8 3 104
cells/cm2) either in fresh buffer or in conditioned medium. Induc-
ion of the discoidin promoter was monitored after 7 h of develop-
ent using luciferase activity. The graph shows means and stan-
ve normal discoidin-inducing activity. PSF medium (A) and CMF
CDN cells as described under Materials and Methods. Wild-type
low cell density (2 3 104 cells/cm2) for development, either in fresh
e discoidin promoter was monitored using luciferase activity. The
means and standard deviations are indicated.N ha
KA-
es atard deviations of three independent experiments.
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109PKA in Early Development of Dictyosteliumand translational level: first, it induces an increase in PKA
mRNA levels, and second, it reduces the expression of
PufA, a translational repressor of PKA-C (Souza et al.,
999). These interactions may constitute a positive feed-
ack loop which serves to amplify and stabilize initial
hanges in gene expression at the onset of starvation.
nterestingly, discoidin genes are induced in YakA null
ells; therefore, PSF can act independently of YakA (Souza
t al., 1998). Our results complement these data by showing
hat the PSF response of the discoidin genes can occur in the
bsence of PKA. It therefore is unlikely that PSF regulates
KA activity on the posttranslational level via cAMP.
Upstream Regulators of PKA
Therefore, the question arises, which upstream signals
regulate PKA activity. Two possibilities can be considered:
(1) PKA activity may reflect intracellular parameters like
the nutritional state of Dictyostelium cells and may con-
tribute to metabolic control linking cell growth to cell
division, similar to the cAMP regulation in yeast (Hall et
l., 1998; Souza et al., 1998) or (2) PKA may transduce
xtracellular signals during growth; however, it is not
ctivated by inducing signals, but inactivated by repressing
ignals. Known extracellular signal molecules which re-
ress discoidin expression are extracellular cAMP (Wil-
iams et al., 1980), ammonia, and folate (Blusch et al., 1992).
o far we did not find evidence for disturbed repression in
FIG. 8. Model of discoidin regulation by extracellular factors and
PKA. We propose that discoidin transcription is regulated by two
mechanisms: PSF directly activates transcription of the discoidins.
In addition discoidin expression is stimulated by PKA-C: PSF
indirectly increases protein levels of PKA-C (Souza et al., 1998,
999) and thereby provides the possibility to enhance the initial
esponse. PKA activity then is regulated by an unknown stimulus
nd further increases discoidin expression. In this model YakA is a
entral component of the regulatory amplification mechanism and
iscoidin is a target of regulation (see text for further details). The
egulation of yakA by PKA-C is still hypothetical.trains with modified PKA activity (Fig. 2).
Copyright © 2000 by Academic Press. All rightUpstream regulators of PKA during culmination are the
hosphorelay protein RdeA and its response regulator/
hosphodiesterase RegA (Shaulsky et al., 1998; Thomason
t al., 1998). Although both proteins are regulated during
evelopment and expression is maximal in late stages,
deA and RegA are also expressed during growth. Chang et
l. (1998) have also shown that RdeA null cells express
ore discoidin than wild-type cells during axenic growth. It
s therefore conceivable that a signal transduction cascade
imilar to the one operating during culmination is also
unctional during growth.
Effects of PKA on Morphology
PKA influences the transition from growth to develop-
ment, since overexpression of PKA-C leads to premature
expression of an early developmental gene and to preco-
cious aggregation (Figs. 1 and 2). Two strains with consti-
tutively activated PKA were analyzed before, a strain with
nonfunctional regulatory subunit (Abe and Yangisawa,
1883; Simon et al., 1992) and overexpressors of PKA-C
(Anjard et al., 1992). Both strains sporulate within 16–18 h,
compared to wild-type strains which sporulate after ca.
24 h. Acceleration between aggregation and culmination
accounts for most of the effect (ca. 6 h), the timing differ-
ence from starvation to aggregation which we describe, is
more subtle (1–3 h), and was not noted by previous studies.
We routinely use cells grown on bacteria, while in other
studies cells grown in axenic medium were used. Cells from
axenic culture aggregate faster and this may mask the
timing difference during aggregation between wild-type
cells and cells with activated PKA.
A Role of PKA during Growth Phase
The PKA pathway determines the overall expression
levels of the discoidinIg gene. PKA exerts this function not
nly during development, but also during growth phase,
ince during both phases of the life cycle PKA-C overex-
ressors have significantly elevated expression levels, while
ells with inactivated PKA have severely reduced expres-
ion in both phases (Figs. 2, 4, and 5). Expression levels and
ctivity of PKA are low during growth. Since in addition
isruption of PKA has no apparent effect on growth rate, it
as assumed that PKA functions are essential only during
evelopment. The regulation of discoidin expression levels
s the first example for a function of PKA in growth phase.
he fact that manipulations which decrease PKA activity
ecrease discoidin gene expression shows that PKA levels
re low but functionally important.
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